Methanococcus vannielii is a strictly anaerobic motile coccus that possesses a tuft of flagellae. The cells are markedly sensitive to mechanical stress and are readily lysed by detergents, but the organism grows normally in media of low ionic strength. The absence of a typical cell wall, further suggested by resistance of M. vannielii to penicillin, cycloserine, and vancomycin, was confirmed by ultrastructural studies. Electron micrographs showed that the cell envelope lacks a peptidoglycan layer. On the outer surface there is a regular array of subunits similar to those of the glycoprotein envelopes of the halobacteria. However, the M. vannielii cell envelope, unlike those of the holobacteria, is unable to maintain a definite shape, and a high salt concentration is not required for its integrity.
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The methane-producing organism Methanococcus vannielii is one of the few known strictly anaerobic, motile cocci (12) . In some respects M. vannielii cells resemble L-forms of bacteria since they are fragile and rupture when media in which they are suspended are vigorously stirred or centrifuged at high speeds. However, unlike protoplasts and L-forms of bacteria, they are not immediately lysed when transferred to water or to solutions of low osmolarity. In fact, the organism routinely is cultured in a medium of low ionic strength consisting of inorganic salts and 0.1 to 0.22 M sodium formate (2, 12) . In no instance has M. vannielii been observed to produce a cell type other than the motile coccus that is markedly fragile to mechanical stress, even though, over the course of many years, the effects on growth of the organism of a wide variety of organic compounds, crude growth factor supplements, protein hydrolysates, long-chain fatty acids, vitamins, and metal ions have been tested. Although originally isolated from the tidal mud flats of San Francisco Bay, the organism is not salt tolerant; it fails to grow when the formate-mineral salts medium is supplemented with either 3% NaCl (about 0.5 M) or 6% NaCl (about 1 M). Based on these earlier observations, it was concluded that cells of M. vannielii probably lack a cell wall, but electron micrographs prepared recently show the presence of a discrete cell wall structure. The present paper documents some of our more recent findings that relate to the morphology of M. vannielii.
MATERIALS AND METHODS
Antibiotic Sensi-Discs were obtained from the Baltimore Biological Laboratories, Div. of Becton, Dickinson & Co., Cockeysville, Md.
M. vannielii was cultured anaerobically in a formate-mineral salts medium (12) . This was supplemented with 1% Ionagar no. 2 (Colab Laboratories Inc., Chicago Heights, Ill.) for preparation of solid media. Agar cultures in petri dishes were prepared and incubated in N2 in an anaerobic laboratory (9) .
Electron microscopy. Shadowed specimens of the bacteria were prepared by depositing glutaraldehyde-fixed cells on Formvar-coated grids. After these were rinsed and air dried, they were rotary shadowed with a carbon-platinum pellet.
For thin sections, the bacteria routinely were fixed in 3% glutaraldehyde in 0.1 M sodium phosphate (pH 7) for 1 h at 26°C and postfixed in 1% OSO4 in the same buffer for 1 h at 2°C. Ethanol dehydration was followed by Epon 812 embedding (4) . In a few instances (e.g., Fig. 5 already mentioned susceptibility of the cells to mechanical rupture, suggested the lack of a rigid cell wall (12) . The marked sensitivity of M. vannielii cells to detergents further indicated the absence of a typical cell wall ( Table  1) . Addition of sodium dodecyl sulfate (final concentration, 0.001%) to active cultures of M. vannielii (pH 8.5) caused immediate lysis of the cells and concomitant complete loss of turbidity. The neutral detergent Triton X-100 was similarly effective. In contrast, cultures of an organism such as Clostridium sticklandii, which possesses a rigid cell wall, were not visibly lysed by 1% sodium dodecyl sulfate.
Sensitivity to antibiotics that inhibit cell wall biosynthesis. Several antibiotics that prevent normal growth of many kinds of bacteria are known to exert their effects because of their ability to specifically inhibit a particular step in the biosynthesis of the cell wall. In some cases it has been shown that the resulting cells are relatively insensitive and can continue to develop as protoplasts or L-forms if a culture medium of suitable osmolarity is provided. One such study with an L-form mutant of Bacillus subtilis (1) showed that antibiotics that specifically block cell wall biosynthesis had relatively little effect on growth of the b-forms in media containing 7% NaCl, whereas they markedly inhibited growth of the parent bacillary strain of the organism in the absence of salt.
For a preliminary survey of the effects of various antibiotics on the growth of M. vannielii, petri dish cultures containing paper disks impregnated with antibiotics were examined for zones of inhibition around the disks. The disks containing the test antibiotics were arranged on a layer of hard agar, and a soft agar (0.2%) inoculated with a pure culture of M. vannielii was added as an overlay. Both agars contained the standard 1.5% sodium formate-1 ,uM selenite-mineral salts medium, and the preparation and incubation of the assay dishes were carried out under N2 in the anaerobic laboratory. Formation of methane sufficient to cause cracks in the agar served as a sensitive indicator of growth of the organism, whereas the absence of cracks around certain of the antibiotic disks indicated that these were inhibitory. In three successive experiments there was complete inhibition of growth around disks containing either 30 ,ug of chloramphenicol, which served as a control, or 10 U (about 260 ,g) of bacitracin, but no inhibition was observed around disks containing 10 U (6 ,ug) of penicillin or 30 ,ug of vancomycin. The sensitivity of M. vannielii to varying concentrations of D-cycloserine was tested in liquid cultures. Pen- icillin G and vancomycin were reassayed in a series of liquid cultures for possible inhibitory effects at high concentrations, and the range of sensitivity of M. vannielii to bacitracin also was determined. Neither vancomycin (500 ,ug/ ml) nor penicillin (2 mg/ml) inhibited growth of M. vannielii, and r-cycloserine had no effect except at an abnormally high concentration ( Table 2 ). The insensitivity of M. vannielii to these antibiotics that are known to inhibit peptidoglycan biosynthesis in other microorganisms (7, 18) suggests that the organism lacks the ability to catalyze one or more reactions essential to the formation ofthis rigid portion of the normal cell envelope, and this might account for the fragility of the cell to mechanical stress. A similar lack of sensitivity of the B. subtilis stable L-form to both penicillin and vancomycin was observed (1). On the other hand, marked inhibition both of this L-form and of M. vannielii by bacitracin may be related to its effect on the polyisoprenoid phosphate-dependent synthesis of a glycoprotein other than the typical peptidoglycan structure (5, 10, 15) .
A cause of defective cell envelope formation in a few bacteria has been shown to be the inability to form diaminopimelic acid, an amino acid that is unique to the peptidoglycan layer of the cell wall of many microorganisms. Fig. 4 . In both types of preparations, a single layer of wall material is visible external to the plasma membrane. This layer is approximately 18 nm thick and stains more strongly on the outer edge. In some places the wall layer shows a modified morphology where it is associated with a highly structured region of the cytoplasm (Fig. 5) .
The cells from the agar colony (Fig. 3) contain electron-dense particles similar in appearance to animal glycogen, whereas the bacteria from a liquid culture (Fig. 4 ) lack these inclusions. However, two other types of inclusions are seen in Fig. 4 . One is a very electron-dense, coarse precipitate, and the other is a less electron-dense, finely granular material.
More detailed information concerning the cell wall structure of M. vannielii was obtained (Fig. 6 and 7 ). The outer surface shows linear arrays of subunits in a tetragonal pattern, and these subunits have a center-to-center spacing of 10.8 nm.
The plasma membrane fracture produces highly asymmetric faces (Fig. 6-10) . The fracture face of the membrane leaflet lying next to the cytoplasm (PF or A face) contains a dense array of intramembranous particles (IMP). This fracture face shows morphologically specialized regions that presumably reflect functional differentiations. One of several different patterns of IMP that were observed is shown in Fig. 6 . In addition, plaquelike areas with fewer or less distinct IMP were often seen (Fig. 8) . This circular area presumably corresponds to the differentiated surface area seen in thin section (Fig. 5) . The complementary fracture face (EF or B face), adjacent to the cell wall, appears relatively smooth. Small pits, a few random large particles ( Fig. 9 and 10) , and occasional sets ofridges and grooves (Fig. 9) are present on the EF. DISCUSSION The morphological appearance of the subunits in the extracellular coat of M. vannielii is similar to the regular array of subunits of the exterior wall layers found so far in several other species of bacteria, e.g., two Acinetobacter strains (17) , Spirillum serpens (17) , and some halobacteria (13) . Like Halobacterium halobium (14) and Sulfolobus acidocaldarius (19) , M. vannielii shows no morphological evidence of a peptidoglycan layer, so that the subunit coat appears to account for the major part of the wall structure ofthis microorganism. The lack of sensitivity to antibiotics such as penicillin, cycloserine, and vancomycin, which are known to inhibit specific enzymatic steps involved in cross-linking reactions necessary for formation of the rigid peptidoglycan layer (1, 7, 16, 18) , also indicates the absence of such a typical structure. Furthermore, one amino acid, diaminopimelate, that is typical of the peptide cross-linking chains of many bacteria seems to be missing, as is, presumably, the ualanine-D-alanine peptide moiety since cycloserine is without effect on growth of M. vannielii.
Whether the cell envelope of the methane organism consists primarily of glycoprotein and lipoprotein as appears to be the case with the halobacteria (3, 5, 6) is not known. Although such cell envelopes are sufficient to maintain a rigid rod-shaped form for the halobacteria, they are not protection against conditions of low ionic strength (3, 6, 14) . In the case of M. vannielii the opposite is true. The cells assume a variety of shapes depending on whether they are freely suspended in liquid or compressed in agar colonies under pressure, but they neither rupture in media of low ionic strength nor require high salt for growth and maintenance of integrity.
Superficially the irregular M. vannielii cells resemble the multilobed cells ofS. acidocaldarius, which possess a subunit coat high in lipoprotein (19) . The structure of this cell envelope maintains its integrity at low ionic strength and permits growth of the organism at 70°C at pH 2. Recent more detailed analysis of the cell envelope of H. salinarium (5) shows that almost 50% of the total protein of the envelope is present as a single high-molecular-weight acidic glycoprotein. The protein contains about 10% carbohydrate which is covalently attached through both N-and O-glycosidic linkages. The surface subunits of an Acinetobacter strain and S. serpens are also reported to consist of an acidic protein (17) . At present there is insufficient information on the composition of these bacterial cell envelopes that appear to lack the Fig. 3 through 10, 100 
